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The fabrication of Ag-clad (Bi,Pb) 2 Sr 2 Ca 2 Cu 3 O x tapes requires a process of one or more heat treatment, mechanical deformation, and subsequent heat treatment cycles. This process has developed empirically and many of its details are still not understood. It is generally believed that the deformation steps are necessary to develop the alignment of the plate-like 2223 grains. 1 They also increase the density of the core, [2] [3] [4] thus increasing its connectivity. Both effects correlate to an increased critical current density (J c ). An additionally proposed benefit of the deformation steps is that they break up the sintered structure and bring the reactants into more intimate contact, facilitating greater conversion of the precursor powder to 2223 3 . For these multiple reasons, deformation is a beneficial and vital step in the fabrication of high-performance 2223 tapes.
However, if the deformation causes cracks in the oxide core that do not heal during the final reaction heat treatment, 4 -6 the active cross-section of the core will be reduced, resulting in a decrease in the effective conductor J c 3,4,7 (recall that J c is conventionally defined as the critical current (I c ) divided by the entire BSCCO cross-section, irrespective of how much of the cross-section is carrying current). This potentially deleterious effect of deformation is difficult to quantify because only large cracks (~5 µm or longer) are obvious in polished cross-sections, and such cracks are relatively rare. Smaller scale cracks may exert a far greater effect, while being essentially invisible to standard metallographic observation.
The formation of the 2223 phase is believed to proceed by a reaction between Bi 2 Sr 2 Ca 1 Cu 2 O y (hereafter referred to as "2212"), alkaline earth cuprate phases, and a liquid phase. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] One of the most effective ways to make a nearly phase-pure 2223 microstructure is to blend Pbdoped 2212 powder with a mixture of Ca 2 CuO 3 and CuO. 15, 16 This so-called "two-powder" mixture reacts quickly to the 2223 phase, leaving only small (Ca,Sr) 2 CuO 3 particles as the principal residual second phase.
While such a powder mixture can yield reproducible J c (77 K, 0 T) values in the 15-30 kA/cm range, 3, 4, 15, 16 these values are not as high as might be expected on the basis of their high phase purity. Their apparent J c shortfall focuses attention on other factors which control the J c , one of which may be the residual crack network left after each deformation step. It is plausible that a liquid can heal these crack networks. However, an inherent problem with the established process for fabricating BSCCO-2223 tapes is that the liquid-forming precursors are consumed as the reaction to 2223 moves toward completion, and there may thus be little or no liquid-formation capacity in a nearly fully converted tape.
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In principle, two distinct types of liquid are available in the 2223 system: one type that forms "naturally" from eutectic reactions between 2212 and secondary phases within the 2223 stability range (≈800-830 o C in 7.5% O 2 ), and a second type formed by partially melting the 2223 at temperatures above the stability limit. 9, [18] [19] [20] [21] It is generally but not universally 22, 23 believed that the high-temperature 2223 stability limit should not be exceeded, because 2223 does not re-form upon cooling 24 due to extensive phase segregation during partial melting. Thus, it is may be more advantageous to control the liquid phase content by manipulating the volume fraction of phases that form eutectics, namely 2212, (Ca,Sr) 2 PbO 4 , and alkaline earth cuprates. This can be done by decomposing 2223 below its melting point, as will be shown later.
The volume fraction of liquid-forming 2212 and secondary phases present in a tape can be controlled to some degree by closely monitoring the extent of 2223 formation throughout the thermomechanical processing sequence. An optimized schedule could involve reacting the tape to form the optimum volume fraction of 2223 before the final deformation step, then giving the final reaction heat treatment after the last deformation step. The final heat treatment would then explicitly have dual purposes: first to convert the remaining precursor phases into 2223, and second to use the residual eutectic liquid to heal deformation damage, as discussed by Parrell et al. 4 However, as 2223 sometimes does not form uniformly throughout the core thickness (the reaction often starts at the Ag interface 18, 25 ), liquid may not always be available uniformly throughout the core. Furthermore, as J c has been shown to be directly correlated to the density of the 2223 core, [2] [3] [4] and because 2223 formation is known to be accompanied by a decrease in density (due to the retrograde densification which occurs during reaction 4, 26, 27 ), it is desirable to deform a core which is already fully converted to 2223 in order to achieve the highest possible density. The two goals thus require a difficult compromise; it is desirable from a J c point of view to form a 2223 structure that is as phase-pure, dense, and aligned as possible, but at the same time there should remain enough precursor phases to form sufficient liquid to heal any deformation-induced cracks. We believe that the inherent conflicts in this compromise are a major factor in explaining the difficulty of reliably achieving high J c values in BSCCO-2223 tapes.
In this study, we developed an alternative method of controlling the liquid-producing secondary phases, through a controlled solid-state decomposition process. We developed this process in parallel with recent work by Grivel and Flükiger, who proposed a similar process on the basis of an X-ray diffraction study, which showed that 2223 tapes could be reversibly decomposed in air 28 . In our controlled decomposition/reformation (CDR) process, a tape is fully processed so as to form a 2223 structure which is as phase-pure, dense, and aligned as possible, without concern for residual cracks. The 2223 is then partially decomposed to form a controlled amount of 2212, (Ca,Sr) 2 PbO 4 , and other secondary phases. Since these are the same phases often found in 2223 precursor powder mixtures, this decomposition can be considered as a "back-reaction" into precursor phases. When the tape is subsequently heated under 2223 formation conditions, these decomposition by-products react again to form 2223, and the liquid that forms in the process helps to heal the cracks. Thus, the essence of the process is that the initial thermomechanical processing produces a fully reacted, highly aligned, and highly dense 2223 core, which is likely to contain cracks. The tape is then slightly decomposed to produce some liquid forming phases without greatly perturbing the aligned 2223 grain structure. A final heat treatment is then given to re-form the 2223 phase, and the liquid that is formed from the decomposed phases heals residual cracks left over from the deformation steps.
A schematic microstructure illustrating each stage of the CDR process is shown in Fig.  1 . This paper provides an experimental test of both the microstructural and critical current density aspects of the process.
II. EXPERIMENTAL PROCEDURE
Samples of Ag-clad 2223 tape made from a twopowder process 15, 16 (Bi 1. C in a 7.5% O 2 /balance N 2 atmosphere, with a 1 GPa uniaxial pressing applied between heat treatments. After this thermomechanical processing, the samples were approximately 95% converted to 2223, as estimated by X-ray diffraction (XRD) intensity ratios for the 2212 (008) and 2223 (0010) peaks. At this point some samples were given a solid-state decomposition, before then being given a final pressing and 2223-formation heat treatment, as described below.
Although 2223 can be reversibly decomposed at low temperatures (below ≈800 o C) in both 7.5% O 2 and in air, 28, 29 our previous experiments on two-powder tapes have shown that decomposition to 2212 and secondary phases in 7.5% O 2 occurs rather slowly. 30, 31 However, the kinetics of decomposition are faster in 100% O 2 , because 2223 is unstable at all temperatures up to the melting point and thus the decomposition can be done at higher temperatures. Decomposition in 100% O 2 results in the formation of 2212, (Ca,Sr) 2 PbO 4 , and other secondary phases. 32, 33 For these reasons, we used 100% O 2 (total pressure 1 atm) for this study.
In order to control the amount of 2223 that was decomposed (and thus the amount of liquid-producing phases formed), the kinetics of the decomposition reaction at 825 o C in 100% O 2 were studied by XRD. Using this information, we prepared three sample sets for a third and final 2223-formation heat treatment: a) a control set which did not undergo any decomposition and contained ≈5% o C/hour. This cooling rate was found to give the highest J c for this particular composite. 30 After the samples reached 730 o C, they were furnace cooled at ~500 o C/hour. The dimensions of the control and decomposed samples were nominally identical both before and after the final 1 GPa pressing, and thus all of the samples were equally strained by the final pressing. Following the final heat treatment, the three sample sets were examined by XRD and scanning electron microscopy (SEM). The decomposed samples were also examined by transmission electron microscopy (TEM). Longitudinal TEM specimens were made by gluing several tape segments together along their broad faces. Slices were cut and ground to about 40 µm thickness and were then mounted on gold grids. The samples were dimpled, Ar-ion milled at 4.5 kV in a liquid nitrogen cooled stage, and then examined in a Philips CM200 Ultratwin HRTEM at 200 kV. The critical currents (defined at 1 µV/cm) of one to six 2-cm-long samples for each condition were measured at 77 K, 0 T with five voltage taps spaced 2 mm apart. The critical currents were converted to J c by dividing by the average area of three transverse cross-sections.
III. RESULTS
The kinetics of the decomposition reaction are shown in Fig. 2 , where it can be seen that the amount of 2212
A schematic illustration of the controlled decomposition/reformation (CDR) process. Liquid-forming phases are produced in a 2223 tape by partially decomposing the 2223 phase in 100% O2. When 2223 is reformed in 7.5% O2, the liquid phase helps to heal cracks and increased the core connectivity. Secondary phases such as alkaline earth cuprates have been omitted for clarity.
(determined by comparing the intensities of the 2212 (008) and 2223 (0010) lines) formed by decomposition increases linearly with the square root of time. The parabolic kinetics of the process suggest that the decomposition of 2223 in 100% O 2 occurs via solid-state diffusion. Fig. 3 shows the XRD traces after each stage in the processing sequence for all of the sample sets. Fig. 3a shows the XRD pattern after the first heat treatment, at which point the samples contained ≈70% 2223. Fig. 3b shows the trace taken after the second heat treatment, when the samples contained ≈95% 2223. Figs. 3c and 3d are the diffraction patterns for samples decomposed for 3 and 48 hours in 100% O 2 , respectively. After decomposition, the amount of 2212 had increased from ≈5% to ≈10% for the 3 hour decomposition, and to ≈30% for the 48 hour decomposition. Strong alkaline earth cuprate (AEC) signals, believed to be mainly due to (Ca,Sr) 14 Cu 24 O 41 based on SEM-EDS results, are clearly visible in both of the decomposed sample traces, and a (Ca,Sr) 2 PbO 4 peak is apparent in the sample decomposed for 48 hours (Fig. 3d) . The (Ca,Sr) 14 Cu 24 O 41 phase is more prominent in the samples that were treated in 100% O 2 than in the samples only treated in 7.5% O 2 (Figs. 3a and 3b), because this phase is more stable in higher oxygen partial pressures. 18 Figs. 3e and 3f show the diffraction patterns from the 3 and 48 hour decomposed samples after the final pressing and 2223-formation heat treatment. Fig. 3g shows the diffraction pattern from a control sample (which received no decomposition) after the final 2223-formation heat treatment. The pattern from the 3 hour decomposed sample after the final heat treatment (Fig. 3e) is essentially identical to that of the control sample (Fig. 3g) , but greater amounts of residual 2212 and second phase is visible in the trace from the 48 hour decomposed sample after the final heat treatment (Fig. 3f) . The amount of residual second phase in the control sample (particularly (Ca,Sr) 2 PbO 4 and a phase believed to be (Bi,Pb) 3 Sr 2 Ca 2 Cu 1 O x , hereafter referred to as "3221" 28, 29, 34 ) is higher after the third heat treatment (Fig. 2g) than after the second heat treatment (Fig. 3b) because all of the samples were slowly cooled after the final 2223-formation heat treatment. This slow cooling, although beneficial to the superconducting properties, reduces the 2223 phase purity. 30 The Ag peak appears to grow throughout the processing sequence because the XRD samples were prepared by cutting the edges of the tapes and peeling them apart to expose the BSCCO core. The tapes were much thinner after the second and third heat treatments than after the first heat treatment (because they were been pressed between heat treatments), and when thinner tapes are peeled apart, there is a greater likelihood of the BSCCO core being thin enough in some sections for the X-rays to penetrate through to the Ag cladding. Thus we do not believe that the apparent growth of the Ag peak is relevant to the phase transformations described in this paper. Fig. 4 presents a series of SEM backscatter photomicrographs corresponding to the XRD traces of Fig. 3 . The series follows each step of the processing sequence of the CDR-processed sample sets. Fig. 4a shows the microstructure after the first heat treatment. Large regions of 2212 (light gray) are rather uniformly mixed with the 2223 grains (darker gray) throughout the entire core thickness. At this stage, the principal nonsuperconducting phase is (Ca,Sr) 2 CuO 3 (black particles). Figs. 4c and 4d show the microstructure of samples after decomposition in 100% O 2 at 825 o C for 3 and 48 hours, respectively. A large number of mostly fine (but some >5 µm in diameter) well dispersed (Ca,Sr) 2 PbO 4 particles appear throughout the core in both cases, as do large alkaline earth cuprate particles (now mostly (Ca,Sr) 14 Cu 24 O 41 instead of (Ca,Sr) 2 CuO 3 as before). Long, thin 2212 grains that have grown in an apparently random manner throughout the core are plainly visible in the sample decomposed for 48 hours (Fig. 4d) . A phase similar to (Ca,Sr) 2 PbO 4 , which is believed to be the 3221 phase, was also observed in the decomposed samples. Figs. 4e and 4f show the microstructures of samples that were decomposed for 3 and 48 hours, respectively, and then pressed and given a third heat treatment of 200 hours at 825 o C in 7.5% O 2 . In neither case are 2212 grains visible and most of the fine (Ca,Sr) 2 PbO 4 and 3221 particles have disappeared. The samples appear to have converted back to 2223. Large alkaline earth cuprate particles, mainly (Ca,Sr) 14 Cu 24 O 41 , remain in the structure, as do some large (Ca,Sr) 2 PbO 4 -like particles (some of which may be the 3221 phase). Fig. 4g shows the microstructure of the control set after the third 2223-formation heat treatment. Some alkaline earth cuprate and (Ca,Sr) 2 PbO 4 -like particles are also present in the microstructure of the control samples (Fig.  4g) , which as mentioned before, is a result of the slow cooling rate used after the final heat treatment of all the sample sets. Taken as a whole, this sequence of photomicrographs is consistent with and augments the XRD traces of Fig. 3 . Both sequences show that the decomposition of the 2223 phase is apparently reversible. However, the 2223 and non-superconducting phase balance is not the same at the end of the decomposition and re-formation treatment as at the beginning; the second phase content is higher and the particle size is noticeably larger in both Figs. 4e and 4f than in Fig. 4b , and although some of this volume fraction increase can be attributed to the slow cooling treatment, not all of it can be, as the amount of second phase in the CDR-processed samples after the last heat treatment is greater that the amount in the final heat treatment control samples (Fig. 4g) . 5a shows how J c developed through three 2223-formation heat treatments for the control samples without decomposition. The behavior observed is normal. The critical current density increased with each deformation and heat treatment step, from ≈4 kA/cm 2 after the first heat treatment, to 10-15 kA/cm 2 after the second heat treatment, and to 12-20 kA/cm 2 after the third heat treatment. Figs. 5b and 5c show the data sets from the samples that were decomposed in 100% O 2 for 3 and 48 hours, respectively, and then pressed and given a final 2223-formation heat treatment. The data for the first and second heat treatments in Figs. 5b and 5c are the same as for the control data set in Fig. 5a , because the decomposition step was given after the second heat treatment. After the decomposition, J c decreased to almost zero in both cases, as indicated by the downward arrows in Figs. 5b and ). Fig. 6 shows a series of transmission electron micrographs from the sample decomposed in 100% O 2 for 48 hours which illustrates the mechanism of the decomposition process. Fig. 6a is a low magnification image taken near the Ag interface which shows that AEC phases have formed layer-like grains between newly formed 2212 grains. The shape of the AEC grains conforms to that of the plate-like 2212 grains. Fig. 6b is a high resolution image taken near the Ag interface, which FIG. 4 . SEM backscatter micrographs of samples from the decomposed sample sets. (a) and (b) show how the microstructure developed through the first and second heat treatments in 7.5% O2. After two heat treatments, the main nonsuperconducting phase impurity was (Ca,Sr)2CuO3 (labeled "2:1"). The changes that occurred by heating after the second heat treatment at 825°C in 1 atm O2 for 3 h and 48 h are shown in (c) and (d), respectively. Heating in oxygen caused the formation of 2212 and secondary phases, including (Ca,Sr)2PbO4 and (Bi,Pb)3Sr2Ca2Cu1Ox (indicated by "CAP"). (e) and (f) are of the samples decomposed for 3 h and 48 h, respectively, after they have been given a final 7.5% O2 heat treatment. The 2212 grains have disappeared, but large nonsuperconducting second phase particles remain, including (Ca,Sr)14Cu24O41 (indicated by "14:24"). (g) shows the microstructure of the control samples after the final heat treatment. The phase purity has decreased slightly from that after the second heat treatment because the final heat treatment samples were slowly cooled.
shows a pure 2212 grain containing no 2223 intergrowths. It is worth noting that the interface layer between the Ag and 2212 grain is a half cell having the BSCCO-2201 phase c-axis spacing, as found earlier.
25 Fig. 6c is a high resolution image of a 2223 grain that contains a (001) twist boundary and just a few layers of 2212. These photomicrographs are representative of what was observed throughout the decomposed sample: small layers of non-superconducting secondary phases conforming to the shape of the 2212 and 2223 phases had grown along BSCCO colony boundaries, while the BSCCO grains tended to be either pure 2212 or pure 2223, containing few intergrowths of the other compound.
IV. DISCUSSION
The most essential feature of this experiment is that it has showed that the 2223 phase can be decomposed and reformed. The transport J c was reversibly reduced to nearly zero and then restored essentially to its full original value. However, a full evaluation of the results suggests that fine details of the experiment are important and that the full potential of the process has not yet been attained.
Although the experiments do show that there is a substantial reversible component to the 2212-2223 formation reaction, the results also show that there are some important differences of detail.
The phase assemblage after decomposition in 100% O 2 (Figs. 3c, 3d , 4c, and 4d) differs somewhat from that after one heat treatment in 7.5% O 2 (Figs. 3a and 4a) . The samples decomposed for 48 hours and the first heat treatment samples contain about the same amount of 2212 (compare Figs. 3a and 3d) , but the decomposed sample exhibits strong (Ca,Sr) 2 PbO 4 and alkaline earth cuprate peaks, whereas after one heat treatment in 7.5% O 2 , no (Ca,Sr) 2 PbO 4 was detectable by XRD, and the alkaline earth cuprate peaks were much weaker. Although it has been shown that powders containing Pb in the form of Pb-2212 rather than (Ca,Sr) 2 PbO 4 often react more quickly and completely to 2223, 15, 16 powders containing (Ca,Sr) 2 PbO 4 and 2212 will also react to 2223, forming a eutectic liquid in the process, even though their conversion may be slower and their end 2223 product less phase pure. 16 As shown in Fig. 4 , the morphology of the precursor phases also differs between the first heat treatment and decomposed samples. The 2212 grains in the first heat treatment samples (Fig. 4a) are small (<10 µm long) and grouped together, whereas in the samples decomposed for 48 hours (Fig. 4d) (≈30%). The 2212 grains in the samples decomposed for 3 hours (Fig. 4c) are more difficult to see by SEM, although ≈10% 2212 was detected by XRD. Furthermore, it appears by both SEM and XRD that the 2212 grains in the decomposed samples have a more random orientation, as evidenced by the appearance of the 2212 (115) peak at about 27.8 o 2θ in Fig. 3d . This peak was also visible in the samples after the first heat treatment (Fig. 3a) , but had disappeared after the second heat treatment (Fig. 3b) , thus indicating that the 2212 grains did receive some deformation-induced texturing during rolling. 35 Implicit in the effort of eliminating microcracks in the BSCCO core is the assumption that microcracks are an important limit on the connectivity 4, 7 and J c of BSCCO-2223 tapes. Although evidence for the presence and detrimental effects of microcracks is fairly strong, the typical microcrack density and total microcrack length for an average 2223 tape are not known and are very difficult to quantify. Added to this uncertainty are other important unknown quantities about the 2223 system, specifically the amount of liquid created during the 2223-formation reaction, the amount of liquid needed to heal cracks in a tape, and what liquid composition(s) are useful for healing cracks. Because of the difficulty of studying microcracks directly, attempts at reducing the microcrack density must use indirect measures to gauge their effectiveness. The simplest analysis to perform is the measurement of the 77 K, 0 T critical current density. However, because of the large number of factors which can control J c , the interpretation of J c measurements may be complicated, as discussed below. The abrupt decrease in J c with decomposition to a value much lower than that obtained after the first heat treatment (at which point the volume fraction of 2212 was comparable to or even greater than the amount in the decomposed samples, as shown in Fig. 3) indicates that the decomposition step quickly destroys the connectivity between the 2223 grains. This implies that decomposition occurs first at interfaces (e.g. colony or grain boundaries), which is consistent with samples decomposed at low temperatures in nitrogen. 36 This behavior is illustrated schematically in Fig. 1 . The TEM analysis (Fig. 6 ) provides experimental support for this interpretation, as it seems that secondary phases and pure 2212 grains (Figs. 6b and 6c) have formed along 2223 grain boundaries, rather than forming from the 2223 grains (Fig. 6c) by an intergrowth mechanism. Had the decomposition occurred uniformly throughout the 2223 grains instead of just at the interfaces, it would be expected that the 2212 and 2223 grains would each contain many intergrowths of the other compound, 37, 38 and this was not observed. Although decomposition in 100% O 2 quickly destroyed the J c , it recovered in the subsequent 2223-formation heat treatment. This indicates that the decomposition byproducts do indeed re-react to form 2223. However, as shown in Figs. 3 and 4 , some 2212 and large second phase particles did remain in the decomposed samples even after the final 2223-formation heat treatment. The quantity of these phases is above and beyond the amount that can attributed to the slow cooling treatment. These unwanted phases undoubtedly reduce the local J c of the decomposed tapes, [37] [38] [39] particularly in the central part of the samples where the second phase particles cluster. Nonetheless, despite this additional second phase (Figs. 3 and 4) , the CDR-processed samples have J c values comparable to those of the control samples (Fig. 5) . Detailed magnetooptical imaging studies of the current path in conventionally processed samples from the same starting composite show that the local J c is highly variable from place to place. 39 The results obtained with this new controlled 2223 decomposition/reformation process are all consistent with the hypothesis that cracks have been healed by a liquid produced by the decomposition/2223 re-formation process, and that the local J c of the active current path is higher in the CDR-processed tapes than in the control tapes.
V. CONCLUSIONS
Heating fully reacted Ag-clad BSCCO-2223 tapes in 100% O 2 at 825 o C leads to partial decomposition of the 2223 into 2212, (Ca,Sr) 2 PbO 4 , and alkaline earth cuprates. This decomposition occurs initially at the 2223 grain boundaries, destroying the grain-to-grain connectivity, and abruptly decreasing the 77 K, 0 T transport J c .
When such decomposed samples are subsequently deformed and heated in 7.5% O 2 , the decomposition by-products re-react to form 2223, and the connectivity and original J c are nearly recovered, despite the growth of large alkaline earth cuprate particles. The recovery of J c , despite a deterioration in overall phase purity, suggests that the connectivity in the 2223 matrix has been improved, through the healing of microcracks. It should be possible to optimize this controlled decomposition process to produce volume fractions of liquid-forming phases sufficient for healing residual microcracks without growing large second phase particles that do not disappear during the final heat treatment. Such a process may allow for the fabrication of more aligned and dense 2223 structures, because deformation-induced damage can potentially be healed at any time by liquid produced via controlled decomposition and subsequent 2223 reformation heat treatments.
